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ABSTRACT: Accurate enthalpies of formation are reported for known and potential 
astromolecules using high level ab initio quantum chemical calculations.  A total of 130 
molecules comprising of 31 isomeric groups and 24 cyanide/isocyanide pairs with atoms 
ranging from 3 to 12 have been considered. The results show an interesting, surprisingly not 
well explored, relationship between energy, stability and abundance (ESA) existing among 
these molecules. Among the isomeric species, isomers with lower enthalpies of formation are 
more easily observed in the interstellar medium compared to their counterparts with higher 
enthalpies of formation. Available data in literature confirm the high abundance of the most 
stable isomer over other isomers in the different groups considered. Potential for interstellar 
hydrogen bonding accounts for the few exceptions observed. Thus, in general, it suffices to 
say that the interstellar abundances of related species are directly proportional to their 
stabilities. The immediate consequences of this relationship in addressing some of the whys 
and wherefores among astromolecules and in predicting some possible candidates for future 
astronomical observations are discussed.  Our comprehensive results on 130 molecules 
indicate that the available experimental enthalpy of formation for some molecules, such as 
NaCN, may be less reliable and new measurements may be needed. 
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INTRODUCTION 
The importance of chemistry in the interstellar space cannot be overemphasised. The 
interstellar space is not just an open vacuum dotted with stars, planets and other celestial 
formations as it is considered to be in popular perception; rather it consists of a bizarre 
mixture of both familiar molecules such as water, ammonia etc., and a large number of exotic 
ones such as radicals, acetylenic carbon chains, highly reactive cationic and anionic species, 
carbenes and high molecular isomers that are so unfamiliar in the terrestrial laboratory that 
chemists and astronomers have termed them “non-terrestrial”. The development of radio-
astronomical techniques and the close collaboration between laboratory spectroscopists and 
astrophysicists have resulted in the detection of over 200 different molecular species in the 
interstellar space largely via their rotational emission spectra during the last few decades. 
These molecules are used as probes of astrophysical phenomena. The density and 
temperature of the gas phase species observed in the interstellar medium (ISM) are 
determined from the observed spectra (rotational and vibrational) of these species. Of course 
these molecules are exciting clues to the chemical origin of life and serve as powerful tool in 
addressing the unanswered chemistry question; how the simple molecules present on the 
early earth may have given rise to the complex systems and processes of contemporary 
biology.1-6  
Despite the importance of these molecules, not much is known about how they are formed 
under the low temperature and low density conditions of the interstellar clouds.  This has led 
to the lack of a consensus on how most of these molecules; especially the complex (those 
with six atoms and above) ones are formed in ISM. Gas phase reactions and reactions that 
occur on the surface of the interstellar dust grains are the dominant processes believed to be 
responsible for the formation of these molecules. Molecular hydrogen plays a pivotal role in 
the formation of other molecular species in ISM. Among the known interstellar and 
circumstellar species, some of the common features observed include isomerism, successive 
hydrogen addition and periodic trends. These serve as pointers towards how these molecules 
are formed in the interstellar medium.7,8 
Of all the observed concepts existing among interstellar molecules, the impact of isomerism 
appears to be very conspicuous. It is now obvious that isomerism plays a crucial role in 
interstellar chemistry as more and larger isomeric species are being detected in the interstellar  
medium. Excluding the diatomic species, a number of hydrogen saturated species and other 
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special species like the C3, C5, which cannot form isomers, about 40% of all interstellar 
molecules have isomeric counterparts.6,7 The clear existence of isomerism among interstellar 
molecules suggests that molecular formation routes for isomeric species may have common 
precursors for their formation processes.7,9 With the concept of isomerism among interstellar 
molecules almost becoming an “established” chemistry, it can therefore be explored in 
unravelling other basic chemistries among the interstellar species. Astronomical searches for 
isomeric analogues of known interstellar species have been both successful and unsuccessful 
in many cases. Since interstellar isomeric species are considered to possibly have common 
precursors for their formation. The question arises “why are some isomeric species observed 
in the interstellar space and others not?”  
In addressing this question and other whys and wherefores among the astromolecules, we 
employ high level quantum chemical calculations with the aim of extensively investigating 
the relationship; energy (enthalpy of formation), stability and abundance (ESA) among 
interstellar molecules which could influence the astronomical observation of some molecules 
at the expense of others. For this investigation, we have considered 130 molecules 
comprising of 31 isomeric groups (with at least one molecule astronomically observed from 
each isomeric group considered) and 24 cyanide/isocyanide pairs with atoms ranging from 3 
to 12. To the best of our knowledge, the extensive investigation of this relationship under 
consideration has not been reported in the literature so far.  
COMPUTATIONAL METHODS 
The Gaussian 09 suite of programs is employed for all the quantum chemical calculations 
reported in this work.10 A few of the molecules considered in this study have experimentally 
measured standard enthalpy of formation (∆fH0) while many of them do not. Theoretical 
methods that can predict accurate enthalpies of formation for the molecules with 
experimentally known ∆fH0 values are highly desirable as such methods should by extension 
be able to predict enthalpies of formation of similar molecules with no experimentally 
measured values to chemical accuracy.  The compound methods which combine both the 
Hartree-Fock and Post-SCF methods offer high accuracy at less computational cost. In this 
study, the Weizmann 1 and Weizmann 2 theory represented as W1U and W2U respectively 
and the Gaussian methods; G3,  G4 and G4MP2 are employed in determining the standard 
enthalpies of formation for all the molecules considered in this study.11,12,13 While the 
Weizmann methods (W1U and W2U) employ different levels of theory for geometry 
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optimization, zero-point energy, single point calculations and energy computations, the 
Gaussian G4 and G4MP2 theories use the same method in their geometry optimization and 
zero-point energy calculations while different methods are employed in their single point 
calculations and energy computation.  The reported zero-point corrected standard enthalpies 
of formation of all the molecules considered in this study were calculated from the optimized 
geometries of the molecules at the levels of theory mentioned above. In characterizing the 
stationary nature of the structures, harmonic vibrational frequency calculations were used 
with equilibrium species possessing all real frequencies. 
Atomization energies and enthalpy of formation  
Considering a wide range molecules with known and unknown enthalpies of formation, the 
total atomization energies method is more advantageous than methods like isodesmic and 
Benson group additivity. With a good computational method and accurate experimental 
values of standard enthalpy of formation of the constituents' elements involved, very high 
accurate enthalpies of formation can be estimated for different set molecular systems. 
Atomization energies (sometimes synonymously referred to as the total dissociation energies 
(Do)) were evaluated using the calculated values of energies (sum of electronic and zero-point 
energy corrections) with the methods described in the computational methods above. For a 
reaction, 
A2B   2A + B   (1)  
The expression for computing the atomization energy of the molecule (A2B) is given as; 
   
)( 20 BAD   =  )(2 0 AE  +  )(0 BE  - )( 20 BAE  (2) 
In calculating the enthalpy of formation (∆fH0) at 0 K for all the molecules reported in this 
study, the experimental values of standard enthalpy of formation of elements C, H, O, N, Na, 
Mg, Al, Si and S reported in literature14 were used. These values are reported in the Table 
1.Values are given in kcal/mol. 
The enthalpy of formation at 0 K is calculated using the following expression: 
)0,( 2
0 KBAH f  =  )0,(2
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0 KBH f  - )( 20 BAD  (3) 
The enthalpy of formation at 298 K is calculated using the following expression: 
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Thermal energies were calculated using rigid-rotor harmonic-oscillator approximations, in 
built in Gaussian code. The above description for calculating enthalpy of formation is only 
valid for neutral molecules. For ions, this is obtained from the enthalpy of formation of the 
corresponding neutral species and the calculated ionization potential (if it is a cation) or the 
electron affinity (if it is an anion). 
RESULTS AND DISCUSSION 
Experimental values of enthalpy of formation for some of the molecules considered in this 
study are known. These values were taken from the NIST15 database (unless otherwise stated) 
and are reported in some of the Tables (as expt). Among the different high level quantum 
chemical calculation methods employed in this study, the G4 method gives the best estimate 
of the enthalpy of formation for the different molecules considered in this study. The 
difference between the theoretically calculated enthalpy of formation and the experimentally 
measured enthalpy of formation is within a few kcal/mol for molecules whose experimental 
enthalpies of formation are known. The calculated enthalpies of formation are also subject to 
the uncertainties in the experimental values of the standard enthalpy of formation of the 
elements used in calculating the enthalpy of formation at 0 K. All the reported enthalpies of 
formation (from both theory and experiment) in this study are reported in kcal/mol and at 
298.15K. The different plots (Figures 1-6, 8-10, 12) reported in this paper are based on the 
enthalpy of formation values obtained with the G4 method. The following subsections 
discuss the results obtained using the various methods employed in this study. The different 
isomeric groups are grouped according to the number of atoms, starting from 3 to 12. 
Isomers with 3 atoms: The zero-point corrected standard enthalpies of formation (ΔfHO) for 
the different isomeric groups with three atoms considered in this study are shown in Table 2, 
with their current astronomical status. The G4 method estimates the enthalpy of formation for 
both HCN and HNC (whose experimental enthalpy of formation values are known) to 
chemical accuracy, i.e., the difference between the theoretically calculated values and the 
experimentally measured values are within ±1kcal/mol. The CNO- isomeric group is the only 
ion considered in this study.  For the OCN-, the calculated value with the W1U method is in 
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excellent agreement with the experimental value. From Table 2, the zero-point corrected 
standard enthalpies of formation at the G4 and G4MP2 levels of theory are approximately the 
same while there are slight differences in the values obtained with the W1U and W2U 
methods.   
In all the 6 isomeric groups considered here, the isomers with lower enthalpies of formation 
have all been observed in the interstellar space while only 3 of the isomers with higher 
enthalpies of formation have been observed. This implies that the lower the enthalpy of 
formation, the more stable the molecule, and the higher the stability of a molecule, the higher 
its abundance in the interstellar medium which makes it easy for the astronomical observation 
of such molecule. 
In almost all the cases considered here, where both isomers have been observed, it is the most 
stable isomer that was first observed before the less stable one (HCN before HNC, MgNC 
before MgCN), implying that the most stable isomer, which is likely to be the most abundant, 
is astronomically easier to be detected than the less stable isomer.16-26 HCN which is more 
stable than HNC is found to be more abundant than HNC in different molecular clouds27,28. 
This is also the case for the MgNC/MgCN abundance ratio measured in the asymptotic giant 
branch (AGM) stars21,20.  AlNC also has a lower enthalpy of formation than AlCN and it has 
been observed while AlCN is yet to be observed. 
Figure 1 depicts the plot of the ΔfHO for the molecules with 3 atoms considered in this study. 
It is clear from the plot that the non-observed molecules (indicated with open symbols) are 
the ones with higher ΔfHO values in their respective isomeric groups compared to the ones 
that have been astronomically observed (indicated with filled symbols). 
Isomers with 4 atoms: Table 3 gives the zero-point corrected standard enthalpies of 
formation, ΔfHO in descending order of magnitude for isomers with 4 atoms considered in 
this study. There is a dearth of information regarding the experimental standard enthalpy of 
formation values for these molecules. There is a marked difference between the reported 
experimental ∆fH0 value of HNCO and those predicted by all the methods considered here.  
Molecules with the empirical formula CHNO are the simplest species which contain the four 
most important biogenic elements; carbon, hydrogen, nitrogen and oxygen. As a result, their 
astronomical observations are important from both the astrobiological and prebiotic 
chemistry perspectives.32  
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Just like in the previous case (isomers with 3 atoms), we observed the energy, stability and 
abundance (ESA) relationship among the isomers with 4 atoms. From the results presented in 
Table 3, the isomers with the lower enthalpies of formation; isocyanic acid (HNCO), cyanic 
acid (HOCN) and fulminic acid (HCNO) have all been observed in different sources in the 
interstellar space33-36 while isofulminic(HONC) acid with higher enthalpy compared to the 
previous three isomers has not been observed. As HNCO is more stable than HCNO, it is 
more abundant than HCNO in the different molecular clouds where it has been observed.38 
This trend is also observed for the C2HN isomeric group, where only HC2N which has the 
lowest enthalpy of formation has been astronomically observed.37 Both HSCN and HNCS 
have been astronomically observed.3, 39 However, it is interesting to note that the most stable 
isomer, HNCS, was observed long before (1979) the least stable isomer (2009). This is also 
the case in the CHNO isomers where the most stable isomer, HNCO, was observed in 1972, 
almost four decades before the other isomers. The data presented for all the four atom 
species, summarized in Figure 2, support the ESA relationship. 
 Isomers with 5 atoms: We present 5 different isomeric groups with 5 atoms considered in 
this study with their zero-point corrected standard enthalpies of formation and their current 
astronomical status in Table 4. The experimental enthalpy of formation of ketene is in 
excellent agreement with the theoretically predicted value at the G4 and G4MP2 levels. The 
experimental ∆fH0 values for HCCN and CH2NN differ from the predicted value at the G4 
method with 3.7 and 4.2 kcal/mol respectively.    
It is crystal clear from both Table 4 and Figure 3 that there is a direct link between stability of 
molecules and their interstellar abundances which influences their astronomical observation. 
The ESA relationship is strictly followed in all the isomeric groups considered here, as only 
the isomers with lower enthalpies of formation in their respective groups have been 
astronomically observed.42-48 
Among the C3HN isomeric group, in which more than one isomer has been observed, it is the 
most stable isomer, HCCCN, which was first observed (1971) before the other isomers 
(1992), as seen in previous cases discussed above. The HC3N, the most stable isomer of the 
C3HN isomeric group, is also found to be more abundant than the other two known isomers: 
HC2NC and HNC3 in all the astronomical sources where they have been observed 
42,43,49,50.  
HCNCC has received the attention of many investigators. However, even with the available 
literature about HCNCC, it has not been observed probably due to its high enthalpy of 
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formation as compared to other isomers of C3NH. This is still in agreement with the ESA 
relationship among interstellar molecules. 
Isomers with 6 atoms: Both G4 and G4MP2 methods accurately predict the enthalpies of 
formation of methyl cyanide and methyl isocyanide in good agreement with the reported 
experimental values while the W2U method does better for formamide (Table 5). These 
accurate predictions of enthalpies of formation for molecules are good omens for the desired 
accuracy for the molecules with no experimental enthalpies of formation.    
Of the 4 different isomeric groups (with 6 atoms) presented in Table 5 and in Figure 4, 
comprising of 14 molecules, 6 of them have been uniquely detected from different sources in 
the interstellar medium52-57 while the remaining 8 have not been observed (except for 2H-
azirine with unconfirmed astronomical observation). 
The link between stability and interstellar abundance observed among isomeric species in the 
previous cases discussed is also noticed here. The only exception to the ESA relationship is 
methylene ketene which has the lowest enthalpy of formation among the C3H2O isomers and 
it is yet to be astronomically observed. The ESA relationship is followed in all other cases 
with 6 atoms considered here. As in the previous cases, where more than one isomer has been 
observed, it is the most stable isomer that is first observed.  
In the C2H3N isomeric group, the most stable isomer, methyl cyanide (acetonitrile), was 
observed first (1971) followed by methyl isocyanide (the second most stable, 1988) and lastly 
ketenimine (2006). Methyl cyanide, being the most stable isomer of the group is also found to 
be the most abundant isomer as compared to methyl isocyanide and ketenimine in different 
molecular clouds and hot cores region where they have been detected.53,55,58,83   
The recent ‘detection’ of 2H-azirine in the protostellar environment,58 with only one observed 
transition, has been questioned.59 Hence, it is now classified under the "non-detected" 
interstellar molecules. This could be linked to its low stability and probably low abundance 
which has resulted in the unsuccessful confirmatory searches.  Propynal is about 5 times 
more abundant than cyclopropenone in the molecular clouds. 60, 61  
Methylene ketene, as the name suggests, is an unsaturated ketone. However, the chemistry of 
ketenes resembles that of carboxylic acid anhydrides which makes ketenes remarkably 
reactive. The high reactivity of ketenes can affect their abundances in the ISM thereby 
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making their astronomical observations difficult. Nevertheless, ketenes remain potential 
candidates for astronomical observation with more sensitive astronomical instruments.  
Isomers with 7 atoms: Table 6 lists the standard enthalpies of formation and the current 
astronomical status of the two isomeric groups with 7 atoms examined in this study while 
Figure 5 shows the plot of the ΔfHO for these molecules.  
Fortunately, almost all (with the exception of isocyanoethene) molecules with 7 atoms 
considered here have experimentally measured enthalpy of formation; thus, giving ample 
opportunities to test the accuracy of the theoretical methods.  The G4 and G4MP2 methods 
give excellent predictions of the zero-point corrected enthalpies of formation for the different 
molecules with known experimental enthalpy of formation values listed in Table 6 as 
compared to the W1U and W2U methods.  
The trend with respect to the observed energy, stability and (interstellar) abundance 
relationship is nicely followed here. Unlike in other sets of isomers where some are not yet 
observed in the interstellar space, the 4 stable isomers of the C2H4O family (Table 6 and 
Figure 5) have all been detected in the interstellar medium.64,65,66,67 As would be expected, the 
most stable isomer of the C2H4O family, acetaldehyde was first observed (1973) before the 
other isomers. Moreover, acetaldehyde has been observed to be present in high abundance in 
all the astronomical sources where it has been detected as compared to the abundances of 
vinyl alcohol and ethylene oxides in the same sources. 67,68,69,70 
 It is important to note that the energy difference between the most stable and the least stable 
molecules should only be considered for species from the same set of isomers and it is not to 
be compared with the difference in another set of isomers. The only non-observed species 
here is isocyanoethene, CH2CHNC, which has higher enthalpy value compared to 
acrylonitrile, CH2CHCN that has been observed
71. 
Isomers with 8 atoms: Table 7 and Figure 6 give the different isomeric groups with 8 atoms 
considered in this study. Experimental enthalpy of formation values for the molecular species 
with 8 atoms from the different isomeric groups considered here (Table 7) are scarce with 
only acetic acid, methyl formate and cyclopropanone having experimentally measured 
enthalpy of formation values.  The G4 and G4MP2 methods predict the enthalpy of formation 
of acetic acid to a very high accuracy of about 0.2 kcal/mol while that of methyl formate is 
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2.9kcal/mol. The experimental enthalpy of formation value for cyclopropanone is close to 
what is predicted by the G3 method.  
The concept of isomerism among interstellar molecules is more pronounced among the 
interstellar complexes with eight atoms as compared to others. Of the twelve interstellar 
molecules58,72-82 comprising of eight atoms, seven have isomeric (more than 50%) 
counterparts.  
The C2H4O2 family of isomers contains molecules of biological interest. Acetic acid is 
considered as a precursor for glycine; the simplest biologically important amino acid, because 
in the laboratory, a biomolecular synthesis of glycine occurs when acetic acid combines with 
amidogen cation. Glycolaldehyde is an important biomarker since it is structurally the 
simplest member of the monosaccharide sugars.  
With the exception of methyl ketene that is yet to be astronomically observed, the data 
presented in Table 7 and Figure 6 show the influence of interstellar abundance on 
astronomical observation. The abundance of molecules in ISM has a direct correlation with 
their stability. The less stable molecules are of course very reactive; this high reactivity has a 
negative effect on their abundance in ISM as they are being transformed to other molecular 
species thereby making their astronomical observations difficult as compared to stable 
molecular species.   
From Table7 and Figure 6, the data are consistent with the ESA relationship discussed in the 
previous cases with the exception noted above i.e. the non-observation of methyl ketene. The 
non-observation of methyl ketene could be traced to the same reason as noted for methylene 
ketene in case of isomers with 6 atoms, i.e., the carboxylic nature of ketenes which make 
them to be remarkably reactive as compared to propynal that has been astronomically 
observed. 
The order of observation of the C2H4O2 isomers follows the order of their abundance, the 
most abundant isomer, methyl formate, was first observed (1975) followed by the next 
abundant isomer, acetic acid (1997) and later by the less abundant isomer, glycolaldehyde 
(2000). This trend of astronomical observation has been noted in the previous cases discussed 
above still pointing to the fact that the isomers with lower enthalpies of formation are more 
stable than those with higher enthalpies of formation, the more stable isomers are more 
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abundant in the ISM, and the isomers with higher abundances in the ISM are more easily 
observed astronomically as compared to those with lower abundances. 
From our calculations and the experimentally measured enthalpies of formation, acetic acid is 
the most stable isomer of the C2H4O2 isomeric group and as such it should also be the most 
abundant species in the interstellar space but this is not the case. Methyl formate is generally 
regarded as “interstellar weed” as a result of its high abundance in the different interstellar 
sources. The reason for this exception i.e. the low abundance of acetic acid as compared to 
methyl formate, could be due to interstellar hydrogen bonding on the surface of the 
interstellar dust grains which causes a greater part of acetic acid to be attached to the surface 
of the grains (thereby reducing its abundance) because of the presence of the acidic hydrogen 
(H1 in structure B of Figure 7) in the COOH group of acetic acid which is lacking in methyl 
formate. Of the two types of processes; gas phase chemical reactions and reactions that occur 
on the surfaces of dust particles, that dominate in the molecular clouds by which molecules 
are synthesized, the latter mechanism (reactions that occur on the surfaces of dust particles) is 
invoked for the formation of molecular hydrogen, H2; as well as for the synthesis of larger 
interstellar molecules. Reactions that occur on the surfaces of dust particles create the 
platform for interstellar H-bonding. Interstellar hydrogen bonding is discussed in details in 
our fourth coming article.  
It is also possible that methyl formate and propenal may be formed by more than one 
formation routes compared to acetic acid and methyl ketene respectively which could account 
for their high abundances compared to the experimentally/theoretically stable isomers. The 
low abundance of methyl ketene may require more sensitive instruments for its astronomical 
detection.  
Isomers with 9 atoms: The enthalpies of formation and the current astronomical status of 
different isomeric groups with 9 atoms considered in this study are summarised in Table 8 
and Figure 8. For the molecules with experimentally known enthalpies of formation, the 
theoretically predicted enthalpies of formation are in good agreement with results from the 
G3, G4 and G4MP2 methods.  
The two known stable isomers of the C2H6O isomeric groups; ethanol and dimethyl ether 
have been detected in the interstellar medium via their rotational transition spectra.83,84,85 The 
abundance ratio of ethanol and dimethyl ether ranges from around 0.3 to 3.0 in different 
astronomical sources. 69,70, 86 
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Among the isomeric groups with the empirical formulae C3H5N and C2H5NO, only 
cyanoethane and acetamide have been observed in the interstellar medium62,86,87 from their 
respective groups. The observed isomers of these sets are also the isomers with the lowest 
enthalpies of formation (Table 8) compared to other species in their respective groups. This 
observation is nicely depicted in Figure 8, with the astronomically observed molecules 
indicated with filled symbols while the non-astronomically observed molecules are marked 
with open symbols.  
Without any exception, the observed the ESA relationship among interstellar isomeric species 
is strictly followed among the isomers with 9 atoms considered in this study. 
Isomers with 10 atoms: Table 9 lists the isomers consisting of 10 atoms and their 
corresponding standard enthalpies of formation (theoretically predicted and experimentally 
measured, where available). Whereas the W1U and W2U methods overestimate the 
enthalpies of formation of these molecular species, the G4 and G4MP2 methods consistently 
predict the enthalpies of formation of the molecules with good agreement with the available 
experimental values.   
In all the three different isomeric groups, the observed isomers are the isomers with the 
lowest enthalpies of formation compared to others in the same isomeric group.75,89-92 In the 
C3H6O isomeric group where two isomers have been astronomically observed, the most 
stable isomer, propanone (acetone) which is probably the most abundant isomer, was first 
observed (1987) before the next stable isomer, propanal, was observed (2004).  
This observation is also clearly pictured in Figure 9, where the observed isomers in each 
group are indicated with filled symbols while the non-observed isomers are indicated with 
open symbols. This further supports the ESA relationship among interstellar isomeric species. 
Isomers with 11 atoms:  As for the isomers with 10 atoms, the results presented in Table 10 
for the isomers with 11 atoms also point out that G4 and G4MP2 methods perform better than 
W1U and W2U in predicting their enthalpies of formation. Table 10 shows the results for the 
isomers of C3H6O2 with their corresponding zero-point corrected enthalpies in descending 
order of magnitude. Figure 10 shows the current astronomical status of these molecules, with 
astronomically observed molecules indicated with filled symbols while the non-
astronomically observed molecules are indicated with open symbols.  
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With the exception of propanoic acid which is the most stable isomer but yet to be 
astronomically observed, the astronomically observed isomers (methyl acetate and 
ethylformate) of this group are also the isomers with the least enthalpies of formation. 94,95  
The reason for the delayed astronomical observation of propanoic acid must be the same 
(interstellar H-bonding) as reason for the observed low abundance of acetic acid compared to 
methyl formate. In Figure 11, structures A and B show the optimized structures of propanoic 
acid and ethylformate respectively. H1 in structure A is the acidic H atom which can easily 
take part in interstellar H-bonding on the surface of the dust grains causing a greater part of 
propanoic acid to be attached to the surface of the interstellar dust grains, resulting in the low 
abundance and the subsequent difficulty in the astronomical observation of propanoic acid 
compared to ethylformate.  An ongoing study96 on interstellar hydrogen bonding has shown 
that propanoic acid is more strongly bonded to the surface of the interstellar dust as compared 
to other isomers of the group, thus a greater portion of it is attached to the surface of the dust 
grains thereby reducing its overall abundance and delaying its successful astronomical 
detection.  
Isomers with 12 atoms: Despite the size of the molecule (3 to 12 atoms in this study), the 
G4 and G4MP2 compound models are more accurate in predicting thermochemical properties 
of molecules compared to the W1U and W2U methods. The zero-point corrected standard 
enthalpies of formation of propan-1-ol and propan-2-ol attest to this as shown in Table 11. 
The enthalpies of formation and the current astronomical status of different isomeric groups 
with 12 atoms considered in this study are summarised in Table 11 and Figure 12. 
In the C3H8O isomeric group, only ethyl methyl ether with the highest enthalpy of formation 
has been astronomically observed98 while the experimentally/theoretically predicted most 
stable isomers, propan-1-ol and propan-2-ol are yet to be astronomically observed. The 
recently observed branched alkyl molecule in the ISM; isopropyl cyanide falls into the 
C4H7N isomeric group.  Propyl cyanide and its branched chain counterpart, isopropyl cyanide 
are the only astronomically observed isomers of this group.95,99 These astronomical 
observations show the direct link between the stability of related molecules and their 
interstellar abundances, and how this link influences astronomical observations. In 
accordance with the ESA relationship, the observed species are also the isomers with the least 
enthalpies of formation in the C4H7N isomeric group.  
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The delayed astronomical observations of propan-1-ol and propan-2-ol compared to ethyl 
methyl ether must also be due to the effect of interstellar hydrogen bonding96. The propensity 
of alcohols to form stronger hydrogen bonds than ethers is well known (Figure 11, structures 
C, D, and E).  Ketones are generally more stable than their corresponding aldehydes because 
the aldehydic H atom is more acidic and so more reactive.  
The low enthalpy of formation estimated for isopropyl cyanide at the G4 level of theory as 
compared to other isomers of the group suggests the possibility for the astronomical 
observation of more branched molecules in the ISM from other isomeric groups.   
Immediate Consequences of ESA Relationship  
Our knowledge of the young interdisciplinary science of astrochemistry lying at the interface 
of chemistry, physics, astronomy and astrophysics is still imperfect; this can be seen in the 
inabilities and difficulties in convincingly accounting for most of the happenings and 
observations in this field. The growth in the body of knowledge in this field demands 
bringing new ideas, insights and innovations to bear in addressing some of the challenges in 
this field.  
The energy of a molecule is of course directly related to its stability. In this study, this 
stability has further been shown to be directly linked to the interstellar abundances of related 
molecular species (isomers in this case) thus influencing their astronomical observations. 
Thus, the Energy, Stability and (interstellar) Abundance (ESA) are uniquely related. But how 
does this ESA principle contribute to knowledge in this field in accounting for some of the 
observations among interstellar molecules which form a greater research area in 
astrochemistry and related fields; astronomy, astrobiology and astrophysics. The immediate 
consequences/impacts/roles of this ESA relationship in addressing some of the whys and 
wherefores among interstellar molecules are briefly summarised below: 
Where are Cyclic Interstellar Molecules? With over 200 different interstellar species so far 
observed in the interstellar space, only 10(with the unconfirmed claimed observation of 2H-
azirine) are cyclic: c-SiC2, c-C3H, c-C3H2, c-H2C3O, c-C2H4O, 2H-azirine, benzene, C60, C70 
and C60
+.  60, 67, 81,100-104  More than 10% of all the molecules considered in this study are 
cyclic; oxirene (Table 4),2H-azirine, 1H-azirine, cyclopropenone (Table 5), ethylene oxide 
(Table 6), 1,2-dioxetane, 1,3-dioxetane, cyclopropanone, 2-cyclopropenol, 1-cyclopropenol 
(Table 7), cyclopropanimine, 1-azetine, 1-azabicyclo(1.1.0)butane, (Table 8), oxetane, 
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cyclopropanol (Table 9), dioxolane, dimethyldioxirane and glycidol (Table 10). From the 
results, it is evident that the cyclic molecules are among the isomers with the highest 
enthalpies of formation and in many cases, they indeed have the highest enthalpies of 
formation. This explains their less stability and less abundance, subsequently resulting in the 
difficulty of their astronomical observation in contrast to their linear counterparts. This is a 
clear application of the relationship; energy, stability and abundance among interstellar 
molecules in addressing an important issue associated with interstellar molecules. 
Why are more Interstellar Cyanides than isocyanides? Cyanide and isocyanide molecules 
account for about 20% of all the known interstellar molecules. In Tables 2-9 and 11, some of 
the cyanide/isocyanide pairs among interstellar molecules with their corresponding zero-point 
corrected enthalpies of formation and their current astronomical status are listed. In 
particular, the 12 astromolecules considered in this work having 3 atoms turn out to be five 
cyanide/isocyanide pairs and the only two anions considered in this work ONC− and OCN−. 
In general, the cyanides have lower enthalpy of formation and they have all been observed. 
Clearly, the ESA relationship can explain the abundance of cyanide over isocyanide and also 
the exception in AlNC/AlCN (vide infra).  As a test of this fact, of the 24 pairs of 
cyanide/isocyanide species considered here, the isocyanide species are only astronomically 
observed in 9 pairs while the cyanide species have been astronomically observed in 21 pairs. 
This is a direct proof of the ESA relationship existing among interstellar molecules. 
What are the possible candidates for astronomical observation?  
Only in the cases of AlNC/AlCN and MgCN/MgNC, the isocyanide has lower enthalpy of 
formation than the cyanide. The difference in enthalpy of formation for the AlNC/AlCN is 
7.3 kcal mol-1 according to the best theoretical estimate and 5.4 kcal mol-1 based on 
experiments and AlCN is yet to be observed. Interestingly, the difference in enthalpies of 
formation between MgNC/MgCN is much lower (2-3 kcal mol-1) and both have been 
observed.  This is similar to the enthalpy difference between NaCN/NaNC and we predict 
that NaNC may be observed in the near future. Curiously, the largest difference between the 
calculated and experimental enthalpy of formation happens to be for NaCN. We suspect that 
the experimental value may have some error. 
With respect to larger isomeric species, possible candidates for astronomical observations can 
easily be predicted following the ESA relationship discussed in this work. Among others, the 
five molecules; methylene ketene, methyl ketene,  propanoic acid, propanol and propan-2-ol 
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which have the lowest enthalpy of formation values in their respective isomeric group but are 
yet to be astronomically observed. These are potential candidates for astronomical 
observation. From the recent observation of the branched alkyl molecule in the ISM and our 
calculations which showed the branched molecule to be the most stable molecule among its 
isomers paints a picture of further astronomical observation of other branched molecules 
which could also be more stable among its isomers.  
Conclusions: Among the different compound models employed in estimating accurate 
enthalpies of formation for known and potential astromolecules, the Gaussian G4 and 
G4MP2 methods have proven to be consistently good in predicting accurate enthalpies of 
formation that are in good agreement with the available experimental values. From the 
results, the ESA relationship: energy, stability and (interstellar) abundance, is found to exist 
among interstellar molecules. From this relationship, interstellar abundances of related 
species are directly proportional to their stabilities. This influences the astronomical 
observations of some related molecular species at the expense of others.  
Some of the immediate consequences of this relationship in addressing some of the whys and 
wherefores among interstellar molecules such as “Where are cyclic interstellar molecules? 
Why are more interstellar cyanides than isocyanides? What are the possible candidates for 
astronomical observation?” etc, have been highlighted in this article. The few exceptions are 
well rationalized on the grounds of interstellar hydrogen bonding and sensitivity of 
astronomical instruments. It is hoped to be a useful tool in the fields of astrochemistry, 
astronomy, astrophysics and other related disciplines.  
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Tables and Figures 
Tables 
Table 1. Experimental ∆fH0 (0K), of elements and H0 (298K) – H0 (0K) 
Element ∆fH0 (0K) H0 (298K)-H0 (0K) 
H 51.63±0.01 1.01 
C 169.98±0.1 0.25 
O 58.99±0.02 1.04 
N 112.53±0.02 1.04 
Na 25.69±0.17 1.54 
Mg 34.87±0.2 1.19 
Al 78.23±1.0 1.08 
Si 106.6±1.9 0.76 
S 65.66±0.06 1.05 
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Table 2: ΔfHO for isomers with 3 atoms and current astronomical status 
 
 
 
 
 
 
 
  
Molecule 
 Enthalpy of formation 
Astronomical 
status 
W1U W2U G3 G4MP2 G4 Expt 
HNC 45.03 44.7 46.0 45.6 45.6 46.5±2.2 Yes 
HCN 31.3 31.4 31.3 32.2 32.2 32.30 Yes 
        
NaNC 36.4 45.3 28.4 34.5 37.0  No 
NaCN 34.3 43.8 28.4 34.5 34.5 22.5±0.529 Yes 
        
MgCN 67.7 67.3 66.5 69.0 69.0  Yes 
MgNC 65.6 65.6 65.7 69.7 65.8  Yes 
        
AlCN 71.8 72.3 68.4 73.1 73.1 71.9±3.330 No 
AlNC 65.2 65.2 63.2 65.8 65.8 66.5±3.330 Yes 
        
SiCN 105.1 105.2 105.8 105.9 105.9  Yes 
SiNC 105.3 105.3 107.5 105.7 105.7  Yes 
        
ONC- 14.3 14.2 14.3 12.4 12.4  No 
OCN- -53.7 -54.0  -53.4 -54.5 -54.5 -52.831 Yes 
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Table 3: ΔfHO for isomers with 4 atoms and current astronomical status 
   
 
 
 
 
 
 
  
Molecule 
 
Enthalpy of formation 
Astronomical 
status 
W1U W2U 
G3 
G4MP2 G4 Expt  
Isofulminic acid 55.1 55.5 
55.7 
52.8 52.8  No 
Fulminic acid 36.3 36.3 
40.0 
34.1 34.1  Yes 
Cyanic acid -3.0 -2.2 
-3.5 
-4.4 -4.4  Yes 
Isocyanic acid -31.6 -31.6 
-28.8 
-33.4 -33.4 -23±3.1 Yes 
   
 
    
HCNC 135.9 136.0 
139.4 
133.5 133.5  No 
HCCN 123.9 123.9 
126.1 
122.6 122.6 126±3.040 Yes 
   
 
    
HSCN 39.7 39.7 
38.3 
38.3 38.3  Yes 
HNCS 28.2 28.8 
29.8 
27.1 27.1 25.041 Yes 
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Table 4: ΔfHO for isomers with 5 atoms and current astronomical status 
 
 
 
 
  
Molecule 
 Enthalpy of formation Astronomical 
status 
W1U W2U G3 G4MP2 G4 Expt  
HCNCC 163.0 162.2 167.3 160.9 160.9  No 
CC(H)CN 140.2 140.2 139.5 138.8 138.8  No 
HNCCC 135.4 135.4 140.1 134.0 133.7  Yes 
HCCNC 115.0 115.0 115.7 112.3 112.4  Yes 
HCCCN 89.7 89.8 88.8 88.4 88.3 84.6 Yes  
        
HCONC 25.0 25.1 24.8 21.4 21.4  No 
HCOCN 13.4 13.4 11.7 10.6 10.6  Yes 
        
Oxirene 68.6 68.6 65.0 66.3 66.3  No 
Ethynol 24.8 24.8 22.2 23.2 23.2  No  
Ketene -12.5 -12.5 -12.1 -15.6 -15.6 -14.78 Yes  
        
CH2NC 81.6 81.7 85.7 79.1 79.1  No 
CH2CN 58.5 58.6 61.8 56.8 56.8 58±351 Yes 
        
NH2NC 73.6 73.6 
78.2 72.7 72.7  No 
CH2NN 56.9 56.9 64.5 55.6 55.6 51.4 No 
NH2CN 29.3 29.3 33.0 29.2 29.2  Yes 
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Table 5:ΔfHOfor isomers with 6 atoms and current astronomical status 
 
 
 
  
Molecule 
 Enthalpy of formation 
Astronomical 
status 
W1U W2U G3 G4MP2 G4 Expt 
1H-azirine 99.4 99.4 99.1 96.7 96.7  No 
2H-azirine 66.1 66.1 66.0 62.4 62.4  No 
Ethyneamine 58.4 58.4 59.9 58.1 58.1  No 
Ketenimine 40.5 40.6 44.7 38.9 38.9  Yes 
Methyl isocyanide 41.9 42.0 42.2 38.8 38.8 39±2 Yes 
Methyl cyanide 18.2 18.2 17.8 15.8 15.8 15.74 Yes 
        
HC3NC 185.9 185.9 189.7 181.9 181.1  No 
HC4N 166.8 166.8 171.0 163.6 163.6  Yes 
        
Cyclopropenone 40.0 40.0 43.2 38.1 38.1  Yes 
Propynal 35.2 35.2 32.1 31.3 31.3 29.762 Yes 
Methylene ketene 29.5 29.5 30.1 30.8 30.8  No 
        
Nitrosomethane 16.7 16.8 
17.7 
13.5 13.5  No 
Hydroxymethylimine -34.0 -33.9 -33.6 -34.7 -34.7  No 
Formamide -46.7 -46.6 
-45.0 
-47.3 -47.3 
-44.5 
(45.1±0.163) 
Yes 
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Table 6: ΔfHO for isomers with 7 atoms and current astronomical status 
Molecule 
 Enthalpy of formation 
Astronomical 
status 
W1U W2U G3 G4MP2 G4 Expt 
Ethylene oxide -8.7 -8.7 -5.8 -14.6 -14.6 -12.58 Yes 
Vinyl alcohol 
(anti) 
-25.7 -25.7 -28.5 -28.5 -28.5 -29.9±2.0 Yes 
Vinyl alcohol 
(syn) 
-27.1 -27.1 -29.5 -30.2 -30.2 -30.6 Yes 
Acetaldehyde -37.5 -37.5 -39.6 -42.4 -42.4 -40.8±0.4 Yes 
        
Isocyanoethene 66.9 66.2 66.7 63.2 63.2  No 
Acrylonitrile 46.1 46.1 44.8 43.3 43.3 42.9 Yes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
28 
 
Table 7: ΔfHO for isomers with 8 atoms and current astronomical status 
Molecule 
 Enthalpy of formation Astronomical 
status W1U W2U G3 G4MP2 G4 Expt 
CH2CCHNC 103.5 103.5 104.0 98.8 98.8  No 
CH3CCNC 104.4 104.5 108.3 98.6 98.6  No 
HCCCH2CN 88.8 88.8 89.1 86.1 86.1  No 
CH2CCHCN 80.0 80.0 79.6 76.2 76.2  Yes 
CH3CCCN 77.6 77.6 85.8 73.1 73.1  Yes 
        
H2NCH2NC 51.7 50.7 51.5 47.1 47.1  No 
H2NCH2CN 30.9 30.9 30.9 28.1 28.1  Yes 
        
1,2-dioxetane 7.7 7.7 1.9 -0.7 -0.7  No 
1,3-dioxetane -42.3 -42.3 -48.6 -50.9 -50.9  No 
Glycolaldehyde -65.3 -65.2 -86.0 -70.5 -70.5  Yes 
Methylformate -82.2 -82.2 -99.6 -89.4 -89.4 -86.5 Yes 
Acetic acid -98.0 -98.6 -95.9 -103.7 -103.7 -103.5±0.7 Yes 
        
Epoxypropene 52.7 52.7 52.4 47.7 47.7  No 
2-cyclopropenol 32.0 32.0 26.2 27.4 27.4  No 
1-cyclopropenol 31.9 31.9 27.3 25.9 25.9  No 
Methoxyethyne 29.8 29.8 26.4 23.9 23.9  No 
Propargyl 
alcohol 
20.0 20.0 13.8 17.2 17.2  No 
Propynol 17.6 17.1 13.5 12.7 12.7  No 
Cyclopropanone 7.8 7.9 4.7 0.7 0.7 3.8±1.0 No 
Propenal -10.5 -10.5 -13.8 -15.8 -15.8  Yes 
Methyl ketene -14.0 -13.9 -15.7 -20.4 -18.1  No 
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Table 8: ΔfHO for isomers with 9 atoms and current astronomical status. 
 
 
  
Molecule 
 
Enthalpy of formation 
Astronomical 
status 
W1U W2U G3 
G4MP
2 
G4 Expt  
Dimethyl ether -41.4 -41.4 -44.4 -45.1 -45.1 -44.0±0.1 Yes 
Ethanol -51.3 -51.3 -56.3 -56.7 -56.7 -56.2±0.188 Yes 
        
Cyanoethoxy-
amide 
77.7 77.7 76.3 72.5 72.5  No 
1-aziridnol 22.3 22.4 19.6 16.0 16.0  No 
Nitrosoethane 10.5 10.5 9.0 2.8 2.8  No 
N-methylformate -45.0 -46.0 -45.7 -52.2 -52.2  No 
Acetamide -57.0 -57.5 -57.9 -61.9 -61.9 -56.96±0.19 Yes 
        
1-azabicyclo 
(1.1.0)butane 
72.3 72.331 67.5 64.4 64.4  No 
Propargylamine 59.2 59.2 56.6 56.0 56.1  No 
Methylazaridine 60.6 60.9 60.8 54.8 54.8  No 
Cyclopropan-
imine 
54.3 54.3 52.3 48.2 48.2  No 
1-Azetine 50.4 50.5 49.9 43.2 43.2  No 
N-methylene 
ethenamine 
42.0 42.1 40.3 36.9 36.9  No 
2-propen-1-imine 37.0 37.1 36.5 36.2 36.2  No 
Propylenimine 37.9 38.0 37.2 33.0 33.0  No 
Isocyanoethane 37.8 37.9 32.8 31.8 31.8 31.7 No 
Cyanoethane 16.3 16.3 13.2 11.0 11.0 12.30 Yes 
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Table 9: ΔfHO for isomers with 10 atoms and current astronomical status 
Molecule 
 Enthalpy of formation 
Astronomical 
status 
W1U W2U G3 G4MP2 G4 Expt 
Dimethylperoxide -27.0 -27.6 -29.2 -35.9 -35.9 -30.1 No 
Ethylhydroperoxide -34.0 -33.9 -38.3 -41.7 -41.7  No 
Ethylene glycol -82.2 -82.2 -90.9 -87.5 -87.5 -92.7±0.5 Yes 
        
Oxetane -12.4 -12.4 -19.1 -21.8 -21.8 -19.25±0.15 No 
Cyclopropanol 17.0 -17.0 -24.0 -21.8 -23.8 -28.6±4.093 No 
1,2-epoxypropane -16.3 -16.3 -22.7 -25.0 -25.0 22.6±0.2 No 
2-propene-1-ol -22.8 -22.8 -29.2 -27.9 -27.9 -29.5.±0.4 No 
Methoxyethene -21.9 -21.6 -26.0 -29.4 -29.4  No 
1-propen-1-ol -30.4 -30.3 -35.4 -36.4 -36.4  No 
1-propen-2-ol -35.1 -35.1 -40.5 -41.2 -41.2 -41.1 No 
Propanal -39.2 -39.1 -44.1 -47.0 -47.0 -45.10±0.18 Yes 
Propanone -47.2 -47.8 -47.0 -55.0 -55.0 -52.2±0.1 Yes 
        
CH3(CC)2NC 158.4 158.4 159.1 150.6 150.6  No 
CH3(CC)2CN 131.9 131.1 131.7 125.3 125.3  Yes 
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Table 10:ΔfHOfor isomers with 11 atoms and current astronomical status 
Molecule 
 Enthalpy of formation Astronomical 
status W1U W2U G3 G4MP2 G4 Expt 
Dimethyldioxirane -16.4 -16.4 -26.1 -27.7 -27.7  No 
Glycidol -48.3 -48.3 -58.5 -57.3 -57.3  No 
Dioxolane -61.6 62.1 -71.2 -73.3 -73.3 -72.1±0.5 No 
Lactaldehyde -72.9 -72.9 -82.0 -81.3 -81.3  No 
Methyl acetate -84.8 -84.7 -91.7 -95.1 -95.1 -98.097 Yes 
Ethylformate -87.4 -87.4 -94.4 -97.5 -97.5 -95.1 Yes 
Propanoic acid -100.6 -100.5 -108.7 -109.4 -109.4 -108.9±0.5 No 
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Table 11:ΔfHOfor isomers with 12 atoms and current astronomical status 
Molecule 
 Enthalpy of formation 
Astronomical 
status 
W1U W2U G3 G4MP2 G4 Expt 
Ethyl methyl ether -47.2 -47.1 -52.8 -57.4 -57.4 
-
51.9±0.288 
Yes 
Propanol -53.7 -53.4 -61.3 -61.9 -61.9 -60.2±0.7 No 
Propan-2-ol -57.2 -57.2 -65.3 65.6 -65.6 -65.2 No 
          
2-azabicyclo(2.1.0)pentane 67.4 67.4 59.8 57.1 57.1  No 
N-methylpropargylamine 61.6 61.6 57.2 54.5 54.5  No 
3-butyn-1-amine 54.2 54.2 60.8 48.4 48.4  No 
N-methyl-1-propyn-1-
amine 
54.4 53.9 53.0 46.6 46.6  No 
N-vinylazaridine 54.8 54.9 51.1 45.9 45.9  No 
2,3-butadiene-1-amine 49.7 49.7 47.8 43.3 43.3  No 
But-1-en-1-imine 35.6 35.7 34.6 27.8 27.8  No 
2,2-dimethylethylenimine 34.1 34.2 38.4 25.7 25.7  No 
3-pyrroline 34.5 34.6 28.5 25.4 25.4  No 
2-aminobutadiene 30.3 30.4 27.6 24.4 24.4  No 
2-isocyanopropane 33.2 33.5 21.7 24.4 24.4  No 
Propyl cyanide 13.8 13.8 7.7 5.6 5.6 7.4 Yes 
Isopropyl cyanide 13.6 13.6 6.7 5.2 5.2 5.497 Yes 
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Figure 1: Plot showing the ΔfHO for molecules with 3 atoms 
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Figure 2: Plot showing the ΔfHO for molecules with 4 atoms 
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Figure 3: Plot showing the ΔfHO for molecules with 5 atoms 
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Figure 4: Plot showing the ΔfHO for molecules with 6 atoms 
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Figure 5: Plot showing the ΔfHO for molecules with 7 atoms. 
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Figure 6: Plot showing the ΔfHO for molecules with 8 atoms 
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Figure 7: Optimized structures of methyl formate (A), acetic acid (B), methyl ketene (C) and propenal 
(D) at G4 level of theory. 
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Figure 8: Plot showing the ΔfHO for molecules with 9 atoms  
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Figure 9: Plot showing the ΔfHO for molecules with 10 atoms 
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Figure 10: Plot showing the ΔfHO for molecules with 11 atoms 
 
 
 
 
 
39 
 
 
Figure 11: Optimized structures of propanoic acid (A), ethylformate (B), propanol (C), propan-2-ol 
(D) and ethyl methyl ether (E) at G4 level of theory. 
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Figure 12: Plot showing the ΔfHO for molecules with 12 atoms 
 
 
